A new encapsulation method for organic solar cells has been tested on flexible solar modules and cells embedded in polyurethane, sandwiched between a tempered glass plate and a polycarbonate plate. Panels, each containing 10 organic solar modules/cells, were fabricated and installed for outdoor exposure in eight different countries for 4½ months. In order to minimize potential deviations in procedures and equipment, one person was responsible for the fabrication, installation and initial and final IV-measurements of the panels using the same equipment for all measurements and calibrations. The encapsulated modules/cells showed significantly reduced degradation compared with previous studies, with final average efficiencies around 40% of the original after 4½ months outdoor exposure. Photodegradation was furthermore found not to be the primary source of degradation.
Introduction
Organic solar cells have in recent years seen great progress in lifetimes, reaching a level in stabilities where stability studies can be carried out in the more unpredictable outdoor conditions compared to the carefully controlled laboratory environment [1] [2] [3] [4] . This calls for the development and testing of new methods on how to encapsulate the solar cells as they are still not stable enough to be left unprotected towards oxygen and water, which can diffuse freely within the organic solar cells causing them to degrade, if no measures are taken [5] [6] [7] . Katz et al. [2] performed an outdoor study in the Negev desert on organic solar cells on glass, sealed using glass fiber reinforced thermosetting epoxy (prepreg) by the procedure described by Krebs [8] . They found that the efficiency of P3HT/PCBM-cells dropped to approximately 10% after 32 day of outdoor exposure. An alternative approach was used by Hauch et al. [1] , who used a transparent barrier film (WVTR rate of 0.03 g/(m 2 day) at 38 1C/100% rh) to encapsulate flexible P3HT:PCBM modules on PET. They experienced full retention and even a slight increase in efficiency after 14 months of outdoor rooftop exposure in Lowell, MA (USA), mainly due to an increase in the fill factor by 11%. Although an impressive result, changes clearly happens to the modules IV characteristics after exposing it to outdoor conditions, best illustrated by the final improved fill factor and by fact that the authors show that the power density increases to approximately 140% of the initial value within a few days. Unfortunately no comparison was made of the final efficiency and the efficiency of the module after reaching maximum power density. In a recent inter-laboratory study by Gevorgyan et al. [4] , flexible modules of P3HT:PCBM on PET were encapsulated by a barrier film from Amcor Flexibles and studied at different outdoor locations. Average efficiencies of approximately 40% of original were observed after approximately 1000 h ( 42 day) of outdoor exposure.
As a final example, Medford et al. prepared large panels of P3HT/PCBM flexible modules in series, testing different encapsulation methods for outside conditions. The one that showed the best preservation properties involved pre-lamination of the freshly prepared cells with a 100 mm thick PET gas barrier layer from Amcor Flexibles with a 50 mm pressure-sensitive acrylic adhesive, which were further laminated between a 4 mm tempered glass window and black Tetlar foil, using two sheets of 0.5 mm thick ethylene vinyl acetate (EVA), which was heated to 150 1C for 30 min causing the EVA to liquefy. The panel having an active area of 9180 cm 2 showed 54% of the original efficiency after 6 months outdoor exposure. Also Krebs [9] has performed 'hot lamination' in the encapsulation of indium-tin-oxide free cells using EVA, but no outdoor test was performed.
When testing an encapsulant, properties like moisture ingress from the edges, adhesion at the interfaces and diffusion temperature dependence might influence the outcome [10, 11] . In order to fully test the properties of an encapsulation method it is thus desirable to perform the experiment at a multitude of locations that differs in whether condition (ambient temperature, fluctuations in ambient temperature, humidity, hours of sunlight, etc.). This can be done by round robins (RR) and inter-laboratory studies (ILS), which are important and useful methods to reach consensus of solar cells properties and establishing standard procedures for their characterization. Previously performed RR and ILS [4, 12] , where organic solar cells were shipped to different locations to be mounted and measured, have shown that potential problems are related to this approach. First of all different people approach an assignment in different ways, and involving many persons often results in deviations from proscribed procedures-as the old proverb goes, ''too many cooks spoils the broth''. Just as important, different laboratories generally tend to have different types of equipment at their disposal, which makes it difficult to compare results afterwards. Ideally such studies should be performed by a single person to ensure that everything is done as similar as possible, using the same measuring equipment to rule out deviations.
We here present the use of polyurethane as encapsulation method in a study performed in 8 different countries, where one person has been responsible for the preparation and outdoor mounting of 8 panels, each containing 10 roll-to-roll processed polymer solar modules and solar cells encapsulated in polyurethane. The same person furthermore measured all cells after manufacturing of the panels at Risø DTU, at each test site before installing the panels, at each test site after a period of approximately 4½ months and finally again at Risø DTU after having taken down the panels and shipping them back. All measurements were done with the same equipment and the same reference for the measured light intensity was employed in all cases. In order to monitor the cells during the 4½ month period local personnel at each site performed continuous outdoor measurements of the short circuit current (I SC ) and the open circuit voltage (V OC ). The test site locations involved (shown in Fig. 1 ) were: Patras (by the Mediterranean Sea in Greece), Sede Boker (in the Negev desert of Israel), Barcelona (by the Mediterranean Sea in Spain), Petten (by the North sea in the Netherlands) ClermontFerrand (inland in the mountainous Massif Central in France), London (inland in the southern United Kingdom), Freiburg (inland in south west of Germany) and, finally Risø DTU in Roskilde (by a fjord in Denmark). The locations were chosen for their different geographical locations and diverse local weather conditions that differ on parameters that could have an influence on the outdoor stability, such as amount of sunlight, ambient temperature, moisture and amount of salt in the air. All preparations of the panels as well as initial and final measurements were performed at Risø DTU.
Experimental procedures and methodology

Types of cells used
The polymer solar modules and cells used in the study consisted of four types of geometries (see Fig. 2 ) and four types of active material inks. All were prepared with an inverted geometry on indium tin oxide (ITO) patterned PET substrates (PET9ITO9ZnO9active layer9PEDOT9Ag) using roll-to-roll (R2R) slot die coating for all layers except for the silver, which was screen printed using UV-curable silver paste [13] . The detailed procedures of manufacture have previously been published [14, 15] .
Each panel contained ten modules/single cells. Module 1-3 were P3HT:PCBM modules consisting of 16 cells in series with an active area of 35.5 cm 2 differing only in the geometry of the silver back electrode used. For module 1 a simple busbar was used, just connecting the ITO of one cell with the PEDOT of the next to make the series connection, but leaving the main part of the PEDOT uncovered. In module 2 the connecting busbar was supplied with a silver grid, in order to facilitate charge collection, and finally in module 3 the silver fully covered the part of the PEDOT that was over the active area. Module 4 had the same geometry as module 1 but was prepared using the commercial ink PV2000 from Plextronics. The cells 5-10 were all single cells with an active area of 4.2 cm 2 and a grid patterned silver back electrode. In cells 5-8 the polymer employed was polymer A (see Fig. 3 ) and in cell 9 and 10 polymer B was used (Additional information on polymer A and B can be found in the supporting information). All modules were prepared during a workshop in relation with the ISOS3 conference held at Risø in October 2010. The single cells were prepared just before assembling the panels in November 2010. From a total of 723 modules/cells the best of each type were selected for the preparation of nine panels each containing modules/cells 1-10 as well as two reference silicon photodiodes, cell 11 (BPW21 from Centronic, without UV filter) and cell 12 (BPW 34B from Osram, with UV-filter). Assuming a linear relation between light intensity and the corresponding current of cell 11 and 12 allows for their use as references for the light intensity.
Fabrication of the panels
The panels were fabricated in such a way that the final product consisted of the modules/cells embedded in polyurethane between a tempered glass front plate and a polycarbonate backside. The connection to the exterior from the embedded circuitries was made by use of copper tape. Fig. 4 illustrates the step wise procedure: (1) the cleaned tempered glass plate was covered with a layer of freshly prepared and degassed 50:50 mixture (mixed and subjected to reduced pressure, 20 mbar, for 5 min) of a commercially available isocyanate compound and a polyol (Translux A 260 Polyol and Translux A 260 Isocyanate from Axon technologies), which upon standing transforms into the desired polyurethane. As can be seen from Fig. 4 the polyurethane is highly transparent (See the supporting information for transmission spectrum). The modules/cells 1-12 were placed in the viscous but still liquid mixture with the front side down making sure that no air was trapped underneath and that the electrodes were not covered. The isocyanate/polyol mixture was then left over night to fully polymerize to polyurethane. (2) The electrodes of each module/cell was then connected to the exterior of the panel edge by use of copper tape followed by covering the whole with another layer of 50:50 mixture of isocyanate and polyol upon which a polycarbonate plate was placed, again making sure that air was not trapped in the viscous liquid underneath the polycarbonate plate. Once more the panels were left over night to ensure full polymerization to polyurethane. (3) To every electrode was then attached the 'male' part of a simple snap button (used in clothes, allows for easy connection to the electrodes) before gluing the copper tape onto the polycarbonate plate with epoxy glue.
Finally an aluminum frame was mounted to give the finished panel. Of nine prepared panels eight were tested outside. In the fabrication process it should be stressed that fresh batches of the two components for the polyurethane must be used in order to get a good solid encapsulation. Fig. 5 shows an example where this was not the case, which resulted in delamination and development of bubbles within the incompletely polymerized polyurethane when the panel was exposed to higher temperatures during measurements.
Measuring the panels
Two types of measurements were performed in this study: (1) full IV-curves using a Keithley 2400 sourcemeter and a Kip & Zonen CM4 high temperature pyranometer for calibration/measurement of the light-intesity. (2) Simple measurement of the V OC and the I SC using an Alcron AC-9074 multimeter.
IV-measurements of each panel were performed t 0 : at Risø DTU before shipping the panels to the location using a simulated sunlight. t 0' : at the location before mounting the panel, in order to ensure that nothing had happened during transportation. Depending on the available equipment and weather conditions this was performed indoor under simulated sunlight or/and outside under the real sun. t x' : at the location after approximately 4½ months of outdoor exposure. The measurement served to test if something had happened to the cells during shipment before the final measurement at Risø. Again depending on the available equipment and the weather these measurements were performed indoor under simulated light or outside under the real sun. t x : at Risø after receiving the panels from the location.
All IV-measurements were performed by the same person, and with the same measuring equipment.
V OC and I SC measurements: during the 4½ month exposure time, measurements were performed directly on the mounted panels by an assigned researcher of the collaborative institutions on each location. This was performed on days with constant light intensity, using identical multimeters, which were supplied by Risø DTU. By performing the measurements under constant light intensity, it is possible to use the build in silicon photodiodes 11 and 12 as references for the light intensity, which allowed for a crude monitoring of the cell conditions during the whole study.
Mounting the panels
When mounting the panels practical considerations, such as sufficiently solid support to attach the panel to and administrative permissions, had to be taken into account. This led to diversity in inclinations of the panels as well as the orientation. As a result of this the panels were mounted with inclination angles from 301 to 551 and facing compass directions of 130-2101. The panel at Risø was an exception as it was mounted on a solar tracker ensuring a perpendicular orientation towards the sun for maximum exposure.
Results and discussion
The panels were prepared and measured in November 2010 as described in the experimental section, and were subsequently send by courier to the destinations. During the month of December 2010 and the beginning of January 2011 a representative from Risø DTU, then traveled between the destinations, measuring the panels again (IV-Curves) and mounting the panels in collaboration with staff from the local institutions. Following this was a period of approximately 4½ months where the panels were left outside at all times and where local staff measured the I SC and the V OC on days with stable light intensity. Finally, the same Risø DTU representative redid the whole trip, dismounting the panels and re-measuring them on site before they were sent back to Risø DTU. Because attention had to be taken towards having local personnel present at the different institutions, the traveling order of destinations was not the same on the two trips, which resulted in slight deviations in the exposure time at the different locations. An overview of exposure time and placement of the different panels is given in Table 1 . 
Outdoor V OC and I SC measurements
The outdoor V OC and I SC measurements generally showed quite similar tendencies of slow decrease in I SC while V OC showed to be relatively stable, and no remarkable differences were found between the different architectures or different materials used. Fig. 6 shows the average normalized relative I SC of the modules/ cells 1-10 (relative to the current of cell 11 except for in London and Freiburg where the currents of cell 12 was used instead because of malfunctioning of cell 11) for each of the panels over time as well as the normalized voltage over time (Detailed illustrations of each type of cell in each panel can be found in the supporting information). It should be emphasized that the overall increase in ambient temperatures at all locations during the study has not been taken into account, and that the results especially toward the end of the study probably would have showed lower currents if measured at the original temperatures.
Although the average trends are similar for all locations, the deviations seem to be larger on locations situated by the sea, and a number of the cells in these panels actually stopped working during the study (13% of the cell at seaside location compared to 5% of the cells at inland location). This appeared to originate from contacting problems both externally and internally in the panels. Especially in the Netherlands by the North sea, which has a higher salt concentration than the other 'sea locations', external corrosion of the copper electrodes appeared as illustrated in Fig. 7 .
In all panels problems were encountered to some degree with the internal contact between the copper tape and the printed In the open on a solar tracker 135 Fig. 6 . Outdoor I SC and V OC measurements of the panels during the periods of outdoor exposure. Top: average normalized relative I SC for the modules/cells 1-10 (relative to I SC of the reference cell 11) for all panels. Bottom: average normalized V OC for the modules/cells 1-10 for all panels.
silver electrodes, which had a tendency to detach-probably caused by the temperature fluctuations, which are unavoidable in outdoor testing. This contact could in almost all cases be momentarily repaired though by appliance of pressure on the polycarbonate backside of the panel, allowing for measurements to be performed. Although it was thus possible to perform measurements, it is strongly recommended that alternative connection to the exterior is used in future projects.
Overall performance after outdoor exposure
Comparison of IV-curves at t 0 /t 0' and t x' /t x showed in no cases significant deviations indicating that no damage had happened to the panels during shipments between the destinations. Fig. 8 shows the changes in IV-characteristics of the different types of cells used in the study (t 0 -t x , a more detailed version can be found in the supporting information). Table 2 furthermore shows the average values of the PCE for the different module and cell types before and after outdoor exposure.
For the P3HT modules 1-3, module 2 and module 3 shows the largest decreases in efficiency, primarily because of a larger drop in FF and for module 2 also in current. The FF for 2 and 3 were originally better (t 0 ) than for module 1 and 4, but the relative gain in FF by appliance of grid or full silver structured back electrodes becomes less pronounced on a long-term basis.
The commercial polymer PV2000 used in module 4 showed to have similar stability as the P3HT module 1 having the same structure. Generally all modules show excellent preservation of the voltages and no extreme deviations are observed for the current.
For the single cells, the polymer B (9-10) is seemingly more stable that polymer A (5-8) but the difference is mainly due to an increase in voltage to a level higher than before outdoor exposure and must therefore be looked at with suspicion. The currents of the single cells are all reduced more than the modules, which is probably a sign of higher photodegradation of the active material.
Looking at the average IV-characteristic after outdoor exposure for the specific panels placed at the different locations, shown in Fig. 9 (Detailed presentations can be found in the supplementary information), all panels have roughly experienced the same drop in efficiencies, when taking the exposure time into consideration. Although the most southern and more sunny locations seems to be slightly lower than the northern ones, the tendency is not pronounced, which indicates that other factors than photodegradation must play an important role in the degradation of the cells. This is further illustrated in Fig. 10 where the average PCE after outdoor exposure is plotted against the light energy dose received during the period of outdoor exposure (Corrections for angular mismatches are described in the supporting information). Comparing the panel mounted in the often cloudy and rainy London (128 day of outdoor exposure corresponding to an energy dose of approximately 350 kWh/m 2 , average PCE at t x around 42% of original) and the panel mounted in the almost always sunny Negev desert (Sede Boker, 144 day of outdoor exposure corresponding to an energy dose of approximately 700 kWh/m 2 , average PCE at t x around 35% of original), both encircled in red, Table 2 Overview of the average power conversion efficiencies before and after outdoor exposure.
Average PCE at t 0 (% (s)) Average PCE at t it is clear that photodegradation cannot be the major degradation mechanism. Had this been the case, the difference would be expected to be much more pronounced.
To evaluate the usefulness of polyurethane as encapsulation method of organic solar cells, comparison can be made with the previously mentioned results by Gevorgyan et al. [4] , where P3HT modules similar to module 3 were tested outside after encapsulation with barrier foil on both back and front. Where the average PCE using barrier foil was reduced to approximately 40% after 1000 h ( 42 day) of outdoor exposure, the embedding of the cells in polyurethane has prolonged this period to 4½ months, which must be considered a significant improvement.
Evaluation of the panel design
Besides the already mentioned contact problem (Section 3.1), between the silver electrodes of the polyurethane embedded modules/cells and the copper tape leading to the exterior, a major problem in the design was delamination at the polyurethane/ glass interface caused by the different expansion coefficients of the materials when exposed to temperature fluctuations. The design originally consisted in using polycarbonate on both front and back side of the panels but due to the UV cutoff by polycarbonate this idea had to be discarded as the zinc oxide layer needs photo-doping with UV light in order to maintain good conductivity [17] . The choice of using a tempered glass plate as the front of the panel solved this problem, but the use of three different materials (glass, polyurethane and polycarbonate) caused the mentioned problems of delamination. Probably the use of two glass plates can solve the problem, but for future use of polyurethane as encapsulation, more tests needs to be performed beforehand in order to avoid this.
Conclusion
The use of polyurethane as encapsulation method for organic solar cells has been tested. A total of nine panels each containing 10 polymer solar modules/cells were fabricated using polyurethane as encapsulation sandwiched between a tempered glass plate and polycarbonate plate. Four different cell geometries and four different active materials were used in the study. Eight of the panels were installed outside at locations in eight different countries chosen for their diversity in weather conditions in order to fully test the usefulness of the encapsulation method. In order to limit deviations caused by human factors and equipment a single person was responsible for the preparation, measurement (before and after outdoor expose), and installation of the panels at the test locations, using the same equipment for all measurements and calibrations. As a further monitoring local researchers measured I SC and V OC on days with stable light intensity allowing following the development of the cells during the experiment by comparison with two reference silicon photodiodes also mounted on the panel. These measurements showed a general trend of slow decrease in the current while the voltage remained more or less constant.
Examination of the IV-characteristic of P3HT modules with different silver back electrodes before and after outdoor exposure, showed that although an initial improvement of the fill factor can be obtained using a grid structure or a full covering of the active area compared to a simple busbar, this improvement becomes much less pronounced after outdoor exposure. In the comparison of the overall performances of the panels, it was found that although slightly lower final efficiencies were found for the panels, which had been exposed at the most southern (more sunny) locations, photodegradation showed not to be the major source of degradation of the cells.
Compared to previously published results the use of polyurethane as encapsulation method has proven to significantly reduce the degradation and average efficiencies around 40% of the original was observed after 4½ months outdoor exposure.
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